A PTFE Babington nebulizer equipped with a hood was investigated for inductively coupled plasma atomic emission spectrometry in conjunction with a PTFE cyclone chamber, in order to nebulize various sample solutions containing high salts, hydrofluoric acid and/or suspended solid. A hood of 3 mmφ (nozzle side) -5 mmφ (outlet side) and 6 mm in length gave a comparable or higher sensitivity compared to a system with a commercially available concentric nebulizer and a glass cyclone chamber. Moreover, the present nebulizer was fully interchangeable with a concentric one at normal argon pressure, attaining sufficient stability, a short wash-out time and good nebulizing of high matrices solutions. The present system was successfully applied to the determination of trace impurities in highly pure silica powders.
Introduction
The sample introduction system is one of the most important devices that critically influences the analytical performance of inductively coupled plasma atomic emission spectrometry (ICP-AES). Several systems, such as ultrasonic nebulization, 1,2 laser ablation, 3 and electrothermal vaporization, 4, 5 have been developed to obtain higher efficiency. However, a pneumatic nebulization has been the most common for routine use owing to its easy operation. Therefore, many trials have been made to improve the aerosol transport efficiency, stability and response time. So far, various types of nebulizers and cloud chambers and/or their combination have been investigated, [6] [7] [8] [9] [10] [11] [12] including low sample flow rate types of microconcentric, 7, 8 high efficiency 9, 10 and direct injection 9,11 nebulizers, with some advantage for a detector of liquid chromatography or capillary electrophoresis. At the present stage, on the other hand, a concentric nebulizer with a cyclone chamber has been adopted to commercially available instruments with good analytical performance.
For analyses of pottery and ceramics materials, hydrofluoric acid is frequently essential for sample decomposition, while a few improvements have been achieved in the nebulization system, except for a cross-flow nebulizer and a single cylindrical plastic chamber. The new development of an allround device would be anticipated for the introduction of sample solutions containing not only hydrofluoric acid, but also relatively high salts or suspended solid for practical use.
Generally, Babington nebulizers have been more convenient compared with other pneumatic types, because of no clogging, even for high matrix samples. Some modifications have been made in ICP-AES, e.g., V-groove, [13] [14] [15] [16] [17] frit 18, 19 and conespray 6, 20 types; however, these are less popular than concentric and cross-flow nebulizers, and their operating conditions and/or performance would be somewhat different from the conventional type.
In the present study, an old Babington nebulizer was modified by attaching a small hood. Additionally, a newly designed cyclone chamber made of PTFE (polytetrafluoroethylene) was also examined, considering its easy construction and interchangeability with an ordinary pneumatic system under similar operating conditions. The newly designed system was evaluated in comparison with a commercially available system equipped with a concentric nebulizer and a glass cyclone chamber, and applied to the determination of trace elements in silica powders after several dissolution procedures.
Experimental

Apparatus
A Thermo Jarrell Ash Model IRIS/AP (an axial observation with a charge injection device detector, MA, USA) was used at an incident power of 1.15 kW of 27.12 MHz with intermediate and outer argons of 0.5 and 15 l min -1 , respectively. A glass cyclone chamber and a concentric nebulizer (Meinhard, Model TR-30-K2, CA, USA) fixed to the original apparatus were used as "the normal system". The nebulizer argon and the sample feeding were also controlled by originally fixed devices. For evaluating the nebulization system, the emission of 1 ppm Mn at 257.610 nm was measured using a quartz torch with the center tube for a high salt concentration. An alumina torch with a sapphire center tube was also used for practical samples containing hydrofluoric acid.
The mean particle sizes of sample silica powders were measured by a MICROTRAC HRA Model 9320-X100 laser particle size analyzer (PA, USA).
A PTFE hooded Babington nebulizer and a PTFE cyclone chamber were newly made in our laboratory. The detailed nebulizer design is shown in a later section. The cyclone chamber consisted of a lower piece, upper piece and a PTFE adopter block for the aerosol outlet. The normal system was attached through an adopter block, as shown in Fig. 1 . An additional gas controller and a peristaltic pump (EYELA, Model MP-3, Tokyo, Japan) were used for the present system. Either system was switched to the other by argon gas switching supplied to each nebulizer, without extinguishing the plasma for a strict comparison of signals. The sample flow was kept at 2.0 ml min -1 , and this flow rate was sufficient for both nebulizers.
Reagents and preparation of sample and standard solutions All of the reagents used were of analytical grade and Milli-Q deionized water (Millipore, MA, USA) was used throughout. Mixed standard solutions for an external calibration were prepared by appropriate dilutions of standard stock solutions. Triton X-100 (Wako Pure Chemicals, Osaka, Japan) was added to both the standard and sample solutions to improve the wettability against a PTFE surface and smooth drainage.
Procedure A (high salt solution)
A dried silica powder of 1 g was weighed into a polypropylene bottle, followed by the addition of 3.6 ml of hydrofluoric acid. An almost clear solution was obtained after 15 min standing for the easily soluble sample. The bottle was heated in a water bath at 70˚C for 1 h for the other samples. All of the sample solutions were finally diluted to 50 g with water, after adding 0.5 ml of 5% Triton X-100. Standard solutions for an external calibration contained either trace elements measured or Si, hydrofluoric acid and the surfactant at the same concentrations as the sample solutions. Measurements were carried out with the present system.
Procedure B (slurry)
A sample of 1 g was suspended in 49 g of water containing 0.05% Triton X-100. The resultant slurry was stirred with a magnetic stirrer during a measurement. Aqueous standards for traces were prepared in a similar manner to that of Procedure A. Standards for Si were prepared separately after dissolving highly pure silica powder with minimum amounts of hydrofluoric acid. Measurements were carried out with the present system.
Procedure C (conventional and reference method)
A sample of 1 g was weighed into PFA (perfluoroalkoxy resin) Tuf-Tainer vial (Pierce, TV-30, IL, USA), followed by the addition of 4 ml hydrofluoric acid, 1 ml nitric acid and 0.3 ml hydrochloric acid. After dissolution of the sample, the digest was completely evaporated to dryness on a hot-plate under an infrared lamp in an evaporation chamber 21 (San-ai Kagaku, Aichi, Japan) to remove Si and hydrofluoric acid. The residue was dissolved in 20 g of 0.1 mol l -1 nitric acid. Mixed standards for trace elements were prepared in a way similar to Procedure A in 0.1 mol l -1 nitric acid, without Si, hydrofluoric acid and Triton X-100. Measurements were carried out with the normal system.
Results and Discussion
Nebulizer design
For Babington-type nebulizers, the layout around a nozzle would be most critical part. The nebulizers examined were manufactured from a PTFE column (10 mmφ) having a 0.2 mmφ nozzle, as shown in Fig. 2 .
The first nebulizer (Fig. 2a) was made by cutting a "V"-groove at the end of the PTFE column, while a terrible fluctuation in the signal was observed. Using a glass cyclone chamber, fluctuations were observed at the same intervals in the signal and aerosol density in the chamber. This was probably caused by the intermittent re-nebulization of large droplets deposited on the "V" wall. The second design (Fig. 2b) was also insufficient to avoid these fluctuations. Attempting blowoff of the large droplets, a hood was attached, as shown in Fig.  2c , resulting in a higher sensitivity and a better stability of the signals. Typical signals using the present nebulizer with and without the hood are compared in Fig. 3 . The optimum hood design was chosen as follows. The sensitivities and stability with various hood bores at a fixed length of 6 mm are compared in Tables 1 and 2 . The stabilities were evaluated using the relative standard deviation (RSD) for 10 set of 5 s integration. The hoods of smaller bores (less than 2 mmφ) provided poor sensitivity and stability. The combination of 3 mmφ at the nozzle side and 5 mmφ at the outlet side gave excellent sensitivity and sufficient stability for practical use. In addition, a hood of 4 mmφ (nozzle side) and 6 mmφ (outlet side) was also good. Taking into account the memory effect, a smaller hood of 3 mmφ (nozzle side) and 5 mmφ (outlet side) bores was recommended.
Nebulization characteristics
According to the above results, the hooded nebulizer shown in Fig. 4 was finally manufactured, and its nebulization characteristics were compared with that of the normal system. The sensitivity (net intensity) and the signal-to-background (S/B) ratio are plotted in Fig. 5 . The present system showed a comparable, or better, sensitivity than the normal system. Considering the compatibility to the normal system, the length of the orifice of the final nebulizer was shortened to 1 mm to decrease the nebulizer gas pressure, and consequently the maximum sensitivity was obtained at 0.16 MPa. The nebulizer shown in Fig. 2c , having an orifice length of 2 mm, showed the maximum sensitivity at 0.25 MPa, which is higher than for the normal system. The sensitivity, however, decreased slightly compared to that of the previous design. The nebulizer gas flow rates measured at the chamber outlet were 0.40, 0.64 and 0.72 l min -1 in the previous, final and concentric nebulizers, respectively, at a constant pressure of 0.22 MPa. The S/B ratio obtained with the present system was similar to that with the normal system in spite of the better sensitivity, because the lower argon flow used in the present system resulted in a higher background. The tolerable stability for practical use was obtained (ca. 1.5% in RSD), irrespective of the argon pressure. This stability was slightly inferior to that of the normal system (ca. 0.5%), even though the stability of the normal system could be somewhat improved by adding a surfactant. Because the sensitivity would be important for practical measurements, an argon pressure of 0.16 MPa was recommended in the following work, while the normal system was operated at 0.18 MPa, as recommended by the manufacturer.
The wash-out effect with both the present and normal systems is shown in Figs. 6a and 6b , respectively. The wash-out time required for signal returning to the background level after a sample measurement was almost similar to that in the normal system.
As compared in Fig. 7 , the effects of some acids on the sensitivity of Mn were almost the same, and not very severe, irrespective of the systems; for example, the Mn signal using 3 mol l -1 sulfuric acid was 87% and 84% with the present and normal systems, respectively, compared to that observed using 0.1 mol l -1 sulfuric acid. No significant change in the stability was also achieved at the various concentrations of acids used. These small effects would be partly due to pump feeding.
Without Triton X-100, the sensitivity and stability were much worse than those with the surfactant. Thus, a surfactant would be essential, or some hydrophilic treatment of PTFE surface is recommended. Fig. 4 Recommended design of the hooded Babington nebulizer. A, argon gas inlet; B, sample feed through peristaltic pump. Dimension in mm. 
Application to silica powders
In the analyses of practical samples, the normal system was removed, and a plug was inserted. The present system was operated by a built-in gas controller and a peristaltic pump, as used in the original system.
The analytical results, expressed as oxides, are summarized in Table 3 , including the wavelength used for each element. All of the measurements were carried out under a simultaneous background correction. An integration time of 10 s was chosen considering the low concentration of some elements. No significant change in the sensitivity was observed due to the copresence of 1% Si, except for the increased sensitivity of K, Na and Li. Therefore, all of the elements were measured against working standards containing 1% Si, as described previously. Moreover, no spectral interference caused by Si was observed.
The analytical results obtained with Procedure A using the present system agreed well with those with the normal system after a conventional sample dissolution (Procedure C). Even though K, Na and Li were measured at concentrations near to the detection limits, fairly good agreements were obtained, and also agreed well with those measured using flame emission spectrometry after Procedure C. The repeatability for triplicate analyses was also satisfactory for routine use. An insoluble trace residue was observed in Procedure A, presumably owing to insufficient hydrofluoric acid for sample dissolution. The residue was easily suspended by simple shaking, and there was almost no problem in the measurements and analytical results. The present system was able to measure impurities directly after a simple dissolution process (Procedure A), even in the presence of high salts, instead of tedious and time-consuming Procedure C.
The slurry nebulization of Procedure B was also attempted for The mean particle size: S-1, -2, -3 and -4 were 1.2, 1.4, 4.6 and 5.0 µm, respectively.
/nm λ simple and rapid analysis, taking advantage of the present system. A slurry containing 2% silica powder could be nebulized without any clogging. However, the accuracy relative to the reference method was around 70% for samples 1 and 2, as shown by the lines for Procedure B in Table 3 . For samples 3 and 4, the accuracy was only ca. 30%. The mean particle sizes of samples 1, 2, 3 and 4 were 1.2, 1.4, 4.6 and 5.0 µm, respectively. For fine samples of 1 and 2, the measured Si was 70% of the theoretical value, and 30% for course samples 3 and 4. The Si was measured at very weak emissions of 221.892 or 390.552 nm. The emission intensities of the above wavelengths were linear up to at least 2% Si, and could be utilized as an intrinsic internal standard. 17 Thus, the observed emission intensity of the elements measured at < 370 nm was corrected by the Si 221.892 nm intensity, and by 390.552 nm for elements measured at > 370 nm. This 370 nm was the switching wavelength between the lower and higher wavelength ranges of the spectrometer used. Finally, an accuracy of ca. 90% was achieved for most elements, except for Al of ca. 50% in accuracy, probably due to an insufficient excitation of Al in the plasma. 22, 23 A further detailed investigation would be necessary for this correction and the matrix of working standards.
In conclusion, the present system consisting of a hooded PTFE Babington nebulizer and a PTFE cyclone chamber was successfully applied to complicated samples, in particular, containing relatively high levels of dissolved salts or suspended solid, as well as hydrofluoric acid. The present system was fully interchangeable to the normal system without any additional equipment.
